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NOTATION

Cohesion determined from trenching tests, kN/m2 (psi)

tr
Cu Coefficient of uniformity of the soil = d60/d10
d Unloaded wheel diameter, cm (in.)
d50 Grain diameter at 50 percent finer by weight, mm (in.)
€ ax = Cui
D' Compactibility, _max = mn
min
e ax ~ ©
Dr Relative density, %Z = 100 —
max min
e Initial void ratio
e Maximum void ratio
max
e ., Minimum void ratio
min 3
G Penetration resistance gradient, MN/m~ (pci)*
h Unloaded wheel section height, cm (in.)
h' Loaded wheel section height, cm (in.)
M Wheel torque, m—-N (ft-1b)
M/Wre Torque coefficient, dimensionless
MX/Wre Value of M/Wre at a given slip x (e.g. 20 and 50%)
P Pull (drawbar pull), N (1b)
PN Power number Mm/an , dimensionless
PNSp Value of PN at self-propelled point (P/W = 0)
PN20 Value of PN at 20 percent slip
PN50 Value of PN at 50 percent slip
P/W Pull coefficient, dimensionless
PT/W Value of P/W when torque = 0
PX/W Value of P/W at a given slip x (e.g. 20 or 50%)
r Unloaded wheel radius, cm (in.)
r, Effective wheel radius, cm (in.)
r Rolling radius of the wheel, cm (in.)
r' Correlation coefficient
et = .3
pei = 1b/in.
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Standard error of estimate (standard deviation)
Translational (carriage) speed, m/sec (ft/sec)
Translational (wheel) speed, m/sec (ft/sec)
Moisture content, 7% (percent of dry density)
Wheel load; weight, N (1b)

Sinkage, cm (in.)

Sinkage at self-propelled point, cm (in.)
Sinkage at a given slip x (e.g. 20 or 50%), cm (in.)
Slope angle, deg

Wet density, g/cm3 (pci)

Dry density, g/cm3 (pei)

Specific gravity

Wheel deflection, %

Efficiency Pva/Mm , dimensionless

Normal stress, kN/m2 (psi)

Angle of internal friction determined from in situ plate
tests, deg

Secant friction angle determined from triaxial tests, deg

Rotational velocity of the wheel, radians/sec




CONVERSION FACTORS
METRIC TO BRITISH UNITS OF MEASUREMENT

Metric units (S.I.) are used in this report according to NASA and
the Corps of Engineers regulations. However, in the text and figures
British units also are given. Metric units used in the tables contain-

ing test results can be converted to British units as follows:

Multiply By L To Obtain
centimeters 0.3937 inches
meters 3.2808 feet
newtons ' 0.2248 pounds (force)
kilonewtons per square meter 0.1450 pounds per square inch
meganewtons per cubic meter 3.684 pounds per cubic inch
meter-newtons 0.7375 foot-pounds
grams per cubic centimeter 62.43 pounds per cubic foot
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SUMMARY

Two nearly identical Boeing-GM wire-mesh Lunar Roving Vehicle (LRV)
wheels were laboratory tested in a lunar soil simulant to determine
the influence of wheel speed and acceleration, wheel load, presence
of a fender, travel direction, and soil strength on the wheel performance.
Constant-slip and three types of programmed-slip tests were conducted
with the U. S. Army Engineer Waterways Experiment Station single-wheel
dynamometer system.

Test results indicated that performance of single LRV wheels in
terms of pull coefficient, power number, and efficiency were not
influenced by wheel speed and acceleration, travel direction, the presence
of a fender or wheel load. Of these variables, only load influenced
sinkage, which increased with increasing load. For a given slip, the
pull coefficient and power number increased with increasing soil strength.
However, for a given pull coefficient or slope, slip was less in firmer
soil; thus, the power number decreased and efficiency increased with

increasing soil strength.
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PERFORMANCE OF THE BOEING LRV WHEELS
IN A LUNAR SOIL SIMULANT

EFFECT OF SPEED, WHEEL LOAD, AND SOIL

PART I: INTRODUCTION

Background

1. Following the award of a contract to the Boeing Company for
the construction of the manned Lunar Roving Vehicle (LRV), the U. S.
Army Engineer Waterways Experiment Station (WES), at request of the
George C. Marshall Space Flight Center (MSFC), evaluated the relative
performance of several versions of the basic 8l-cm (32-in.)-diam wire-
mesh wheels, which were fabricated by General Motors Corporation (GMC)
under contract with the Boeing Company. These tests were performed on
soft soils (fine sand, lunar soil simulant) (Green and Melzer, 1971a
and 1971b). After the flight wheel (50 percent chevron-covered) was
selected, the MSFC requested the WES to evaluate its performance in
terms of parameters not previously tested. The results of these inves-

tigations are reported herein.

Purpose

2. The purpose of this test program was to investigate the effect
of the following factors on the performance of the LRV wheel:

a. Wheel speed and acceleration

(o |

. Presence of a wheel fender
c¢. Wheel load
d. Soil
e. TForward and backward travel

Scope

3. The test program was divided into two phases. During phase I,

20 two-pass, single-wheel tests were conducted with a 50 percent



chevron-covered wheel (GM XIII*) without a fender, which had been tested
during an earlier study (Green and Melzer, 1971b). Various programmed-
slip, combined with constant-slip, techniques were used. Wheel speeds
ranged between 0.75 m/sec (2.5 ft/sec) and 3.14 m/sec (10.3 ft/sec), and
wheel acceleration between O and 0.78 m/sec2 (2.6 ft/secz). The wheel
load was 253 N (57 1b). The tests were conducted on a lunar soil simu-
lant (LSS) at a consistency designated as LSS4, which, based on the
soil samples from the Apollo 11 and 12 flights, was believed to be pre-
dominant on the lunar surface. In addition, a small amount of data was
collected during tests in a dune sand that exhibited a slightly higher
strength than LSS4.
4. During phase II of the program, 37 two-pass, single-wheel,
"classical" programmed-slip tests were conducted, also with a 50 percent
chevron-covered wheel (GM XV*), which had basically the same overall
dimensions as the GM XIII wheel, but was slightly stiffer. Wheel speeds
ranged from 0.44 m/sec (1.4 ft/sec) to 3.12 m/sec (10.2 ft/sec) with no
wheel acceleration. Wheel loads ranged from 178 N (40 1b) to 377 N
(85 1b). Tests with and without a fender were conducted on LSS at two
consistencies designated as LSS4 (21 tests) and LSS5 (16 tests), the
latter representing a high soil strength level that could be expected on

the lunar surface. In addition, seven four-pass tests on LSS, were

4
conducted with reversed chevron direction to simulate a wheel traveling

backward.

* Numbers indicate the number and sequence of the Boeing-GM wheels test-
ed during the last 2-1/2 years at the WES. The GM XIII had been used in
an earlier program, but was replaced by the GM XV during this program at
the request of NASA.




PART II: TEST PROGRAM

Soil

Description
5. The LSS was the same material as that used in previous studies

(Green and Melzer, 1971b). The dune sand used in some of the phase I
tests was a fine sand from the desert near Yuma, Arizona; it also had
been used in earlier programs (Freitag, Green, and Melzer, 1970a and
1970b; Green and Melzer, 1971a). Extensive tests were performed to
determine the shear strength characteristics and cone penetration
resistance of both soils. Gradation and classification data, along with
density and void ratio values, are given in fig. 1.

6. Based on the results of the soil mechanics tests following the
Apollo 11 and 12 missions (Costes, et al., 1970; Scott, et al., 1971),
LSS4 appeared to have the predominant strength condition of the lunar
soil. Some indications from the results of the Apollo 12 and 14 missions
(Scott, et al., 1971; Mitchell, et al., 1971), however, made it desirable

to extend the range of strength levels tested (LSS LSSZ, LSS3, and

1’
LSS4; very loose to medium dense*) to an even higher strength level

designated as LSS_. (medium dense to dense, with essentially higher

5

cohesion).

Preparation

7. Both soil conditions, LSS4 and LSSS, were prepared with wet LSS
at average moisture contents of 1.8 percent (#0.2 percent) and 1.9 per-
cent (+0.3 percent), respectively. The soil was thoroughly mixed in the
test bins with water to produce a soil with a nearly uniform distribution
of moisture. The moisture content was held constant by covering the test
bins when not in use and occasionally spraying the surface slightly with

water to compensate for evaporation. The soil was processed in place

* For more detailed description of the soil properties for these con-
ditions, see Green and Melzer, 1971b.
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before each test by plowing it with a seed fork to a depth of 30 cm

(12 in.) and applying compaction with a surface vibrator until the de-
sired density was reached. During the testing cycles, the uniformity

of the soil conditions was ensured by frequent determination of moisture
content and density and by measurements with the WES cone penetrometer.

The ranges of LSS4 and LSS_ soil properties of interest in this study

are given in table 1. °
8. A soil bin with air-dry, dense Yuma sand (moisture content =
0.5 percent) was used as an approach to the test bin of LSS. During
certain tests in phase I of this program, a third soil bin containing
Yuma sand was placed at the other end of the LSS4 bin. During these
tests,* the wheel encountered the following sequence of soils: Yuma
sand—-LSS4——Yuma sand. It was not intended to create exactly the same

strength level for the sand as for LSS,; however, by screeding the sand

5
and vibrating it twice with a surface 3ibrator, it was possible to
attain a sand strength level (in terms of penetration resistance) that
came close to that of LSS4. The uniformity of the sand was ensured by
measurements with the WES cone penetrometer. The ranges of soil prop-
erties of interest are given in table 1.

Soil tests

9. Cone penetration resistance, The standard WES mechanical cone

penetrometer was used throughout this study to measure the penetration
resistance gradient G (Freitag, Green, and Melzer, 1970a). During the
single~wheel tests in phase I, G was usually determined at three points
along the center line of an LSS test section (length 7 m; ~22 ft) prior
to testing (tables 1 and 2). Three additional penetrations were made

25 cm (10 in.) to the left and 25 cm to the right of the center line.
Three center-line penetrations also were made after completion of the
first pass and after the last pass of a test. In phase II, the number
of the above-mentioned penetrations was increased from three to five.

However, in the last 12 tests of the program (No. 71-094-6 to 71-105-6),

* These tests served to check whether certain influences observed in
tests on LSS were also present in tests on sand (paragraph 33).



penetrations were not conducted after completion of the first pass.
Maximum, minimum, and average G values for each test are summarized
in table 2.

10. During the tests in phase I in which Yuma sand was placed
about 3.0 m (10 ft) before and after the LSS lane, four penetrations
were conducted in the sand before traffic (tables 1 and 3), after com-
pletion of the first pass, and after traffic. Maximum, minimum, and
average G values for each test are listed in table 3.

11. As has been pointed out in the references already cited, rela-
tions between gradient G and dry demnsity Ya were established and
used as calibration diagrams to determine the dry density and the rela-
tive density of the test lanes. The relation between G and 'Yd for
LSS at a moisture content of 0.8 percent (fig. 2) had already been deter-
mined; whereas the relation for a moisture content of 1.8 percent, which
originally covered only a density range of 1.48 g/cm3 (92.5 lb/ft3) to
1.57 g/cm3 (98.0 lb/ft3), was extended to 1.78 g/cm3 (111.0 1b/ft3)
(fig. 2). Existing relations were used to determine density and relative
density of the Yuma sand test lanes. Minimum, maximum, and average
values of dry density and relative density before traffic for the var-

ious soil conditions tested are listed in table 1.

12. Moisture content and density determinations. The surface

moisture content of the LSS was determined in all tests before and after
traffic, except in a few cases. In addition, density and bulk moisture
content were occasionally determined by means of a density box. Usually,
one or two measurements were made before and after traffic. Minimum,
maximum, and average values of surface moisture content and density are
given in tables 1 and 2.

13. Shear strength parameter. Angles of internal friction based

on vacuum triaxial and in situ plate shear tests were determined for LSS
and Yuma sand conditions from results of the earlier studies. Average
values for the various soil conditions are given in table 1.

14. Cohesion, based on trenching tests, was determined as in the

previous test programs. A few trenching tests were conducted for soil
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condition LSSS, which had not been tested before. Average cohesion

values for the various soil conditions are given in table 1.

Test Equipment

Dynamometer
15. The dynamometer system used in these tests (fig. 3) can

accommodate loads from approximately 67 N (15 1b) to 900 N (200 1b),
and wheels ranging from about 45 cm (18 in.) to 114 cm (45 in.) in
diameter. The system is equipped with instrumentation for continuous
measurements of wheel load, pull, torque, sinkage (hub movement),
carriage speed, and wheel speed. For more detailed description see
Report 1 in this series (Green and Melzer, 1971b).

Recording systems

16. The primary data recording system was an on-line digital
computer. With this system the electrical (amalog) signals reach the
computer in a raw form with no signal conditioning. The signals are
converted to digital form by the computer and stored on magnetic tape
for subsequent data processing. Alternatively, the analog signals can
be recorded on tape and digitized later. This alternative was used
in phase II of the program. The estimated accuracy of the system is
3 to 4 percent.

17. A secondary recording system was a 36-channel, direct-writing
oscillograph, which requires signal conditioning. This secondary system
affords the test engineer an opportunity to take a quick look at the
data as required to assist in planning subsequent tests and to rapidly
determine whether all circuits are functioning properly for a given
test. The accuracy of the oscillograph readings depends on the scale
used and the expertise of the reader. Results obtained with this system
are estimated to be accurate within 6 to 8 percent. Only results
obtained from the primary recording system were used in the analysis.
For more detailed description of the two systems see Report 1 of this

series (Green and Melzer, 1971b).
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Test wheels

18. Two nearly identical wire-mesh wheels were tested: the 82.2-
cm (32.4-in.)-diam GM XIII during phase I, and the 81.5-cm (32.1-in.)-
diam GM XV during phase II. Both wheels had a 50 percent chevron-tread
cover. The GM XIII was slightly more flexible than the GM XV under
the same static loading conditions on a hard surface. Wheel data are

given in table 4.

Test Procedures

Phase I (GM XIII)

19. Three different test techniques were used during this phase
of the program:

a. Classical programmed-slip (CPS), identical to the
programmed-slip technique used in the earlier studies

Ramped-slip (RS)

|o*

c. Modified programmed-slip (MPS)

These three test techniques, which are described in the following para-
graphs, were used to investigate primarily whether the wheel accelera-
tion influenced the wheel performance. A secondary purpose was to check
whether using different test techniques would generally influence the
outcome of the tests. The test condition simulating the relative motion
of an actual vehicle wheel would be between the CPS and the MPS modes.

20. CPS test. The CPS test technique was used in five tests
during phase I. The test was started with the wheel in the negative
slip range (fig. 4a), i.e. the translational speed of the carriage (va)
was greater than that (vw) of the wheel. The carriage was slowed at
a programmed, uniform rate (wheel speed was approximately constant during
the test) to cause the wheel to pass through the towed condition (torque
M = 0), the zero percent slip condition (carriage speed = wheel speed),
the self-propelled condition (pull P = 0), etc., as slip progressively
increased up to 90 percent, and in some instances to 100 percent (car-
riage speed = 0). Wheel speeds were changed from test to test, covering

a range from 1.5 m/sec (4.9 ft/sec) to 3.0 m/sec (9.9 ft/sec). Wheel

10
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acceleration was zero (w was constant), and carriage acceleration varied
from test to test between -0.07 m/sec2 (0.23 ft/secz) and -1.14 m/sec2
(3.74 ft/secz)* (table 5). Wheel load was constant (253 N; 57 1b) in
all tests during phase I. Also included in the analysis were the average
data from three CPS tests conducted in an earlier program (Green and
Melzer, 1971b) on LSS
(table 5).

21. RS test. The RS test technique was used in seven tests during

4 at wheel speeds of 0.75 m/sec (2.5 ft/sec)

phase I. A test was started in the sand test lane with wheel and carriage
speed held constant (first constant-slip portion of the test, fig. 4b).
After the wheel had entered the LSS test lane and had traveled for 1 m
(3.3 ft) or more, the wheel speed was increased at a relatively small
rate ("ramped slip'"), which led to a slight increase in slip (about 7 to
9 percent). After this, the wheel speed was kept constant, with the
wheel traveling on LSS and subsequently on sand (second constant-slip
portion of the test). Slip during the RS tests ranged from -17 to
+15 percent. The carriage speed, which was held constant during a spe-
cific test, was changed from test to test within a range from 1.50 m/sec
(4.9 ft/sec) to 3.45 m/sec (11.3 ft/sec) (tables 5 and 6). The wheel
speed was varied over a total range from 1.56 m/sec (5.1 ft/sec) to
3.14 m/sec (10.3 ft/sed), with accelerations between 0.19 m/sec2
(0.62 ft/secz) and 0.36 m/sec2 (1.18 ft/secz).** |

22. MPS test. The MPS test technique was used in eight tests
during phase I. Whereas the emphasis in the RS tests was on the constant-
slip portions, which were connected by the ramped-slip portion, the
emphasis in the MPS tests (fig. 4c) was on the acceleration of the wheel
over a larger range of slip. As in the case of the RS tests, a test was
started at constant slip in the sand test lane. Constant slip was main-

tained thereafter until the wheel had traveled for 1 m (3.3 ft) or more

* The test lane was relatively short, especially for the tests at high
speeds, which resulted in the relatively large range of deceleration.

*%* This was the largest acceleration that could be recorded in this spe-

cific test series because of time-setting limits of the speed control
system,

12




on the LSS (first constant-slip portion of the test). Thereafter, the
wheel speed was increased (carriage speed was held constant) in a fashion
that resulted in a considerable increase in slip (minimum absolute in-
crease of slip was 20 percent; maximum absolute increase was 88 percent).
After the maximum wheel slip was attained for a given test, the wheel
dpeed was kept constant, with the wheel traveling on LSS and subsequently
on sand (second constant-slip portion of the test). Because of the re-
stricted length of the LSS lane, constant-slip data on LSS could be
recorded for only the first constant-slip portion of three tests and for
the second constant-slip portion of two tests (table 5).

23, The total slip range covered in the MPS tests was from -24 to
+69 percent. The carriage speed, which was held constant during a
specific test, was changed from test to test within a range from
0.89 m/sec (2.9 ft/sec) to 3.14 m/sec (10.3 ft/sec) (table 5). Wheel
speeds ranged from 0.76 m/sec (2.5 ft/sec) to 3.14 m/sec (10.3 ft/sec),
with accelerations between 0.25 m/sec2 (0.82 ft/secz) and 0.78 m/sec2
(2.56 ft/secz).
Phase II (GM XV)

24, The CPS technique (paragraph 20) was used during 44 tests of
this phase of the program. Thirty-seven of these tests were conducted
as two-pass tests (21 tests on LSS4, table 7; 16 tests omn LSSS,
table 8). The speed ranged from 0.44 m/sec (1.4 ft/sec) to 3.12 m/sec
(10.2 ft/sec),* with wheel acceleration zero and carriage acceleration
ranging from -0.06 m/sec2 (0.20 ft/secz) to -1.60 m/sec2 (5.25 ft/secz).
Wheel loads ranged from 178 N (40 1b) to 377 N (85 1b), embracing the
minimum and maximum LRV wheel load to be anticipated on the lunar sur-

face due to load transfer, including the final nominal load of 289 N

(65 1b).** Seven (six on LSS4 and one on LSSs) of these 37 tests were

* This range covered the speeds at which the LRV was to travel during
the Apollo 15 mission.

** The nominal load had to be changed during the program from 253 N
(57 1b) to 271 N (63 1b), and finally to 289 N (65 1b) because of
changes in the payload of the LRV,
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conducted without the fender. During the first passes of the other
30 tests, the right-front fender was attached to the wheel, and during
the second passes, the right-rear fender was attached to the wheel, thus
simulating the right-path performance of the LRV.

25. In seven additional four-pass tests on LSS4, the wheel with
fender was tested with reversed chevron direction to simulate backing-
off and crater-extrication maneuvers. In these tests the fender

sequence was as follows:

a. Pass 1: Rear fender
b. Pass 2: Front fender
c. Pass 3: Rear fender
d. Pass 4: Front fender

Thus, the average parameters of passes 1 and 2 represented the perform-
ance of the LRV backing into undisturbed soil, and the average parameters
of passes 3 and 4 represented the performance of the LRV backing in its
own ruts. Wheel loads during these tests were 178 N (40 1b), 253 N

(57 1b), and 377 N (85 1b). The average wheel speed during these tests
was 0.75 m/sec (2.5 ft/sec).

Data Presentation

CPS tests

26. The relations of pull and torque to slip can be shown by two
plots, such as those in fig. 5, which represent the average relations¥*
of the phase I tests. The pull coefficient P/W and the torque coeffi-
cient M/Wre increased at a decreased rate after a slip of about 20 per-
cent had been reached. Generally, these relations agree with the
relations found for all Boeing-GM wheels tested on LSS. The average

variation of the power number PN (Mw/an) versus pull coefficient

* In the framework of this study, these relations will not be presented
separately for each test, as was done in earlier studies. Plots for
each test have been furnished to MSFC continuously during the time the
tests were conducted. In addition, complete copies of the computer
print-outs. of all tests were sent to MSFC on 19 February 1971 (phase I)
and on 28 June 1971 (phase II).

14




P/W and slope angle o , for a large number of tests is also presented
(e.g. fig. 6 for phase I), under the assumption that the pull coefficient
measured at a given slip on a level surface with a single wheel is
roughly equivalent to the tangent of the angle of the slope that a four-
wheeled vehicle equipped with similar wheels can climb. The PN versus
P/W relation is especially important, because it expresses the energy
consumed per unit of distance of travel per unit wheel load or vehicle
weight in relation to pull or slope-climbing ability. To obtain whr/km
conforming to a certain P/W , or slope, the corresponding PN is read
and multiplied by the wheel load or vehicle weight in newtons and the
fraction 1000/3600.

27. For each test the relative performance of the wheels tested
was assessed from data (in parentheses below) obtained under the follow-
ing conditions (figs. 5 and 6; tables 5, 7, and 8):

a. Towed condition (PT s slip)

=2

. Self-propelled condition (PNSp ; slip)
. 20 percent slip (PZO/W ; MZO/Wre ; PNZO)

. 50 percent slip (PSO/W 3 MSO/Wre 3 PNSO)

In addition to these parameters, the wheel hub movement, which is a

e o

measure of the wheel sinkage into the soil, was recorded.

28. 1If a more detailed assessment of the influence of a certain
variable (e.g. wheel speed) was necessary, the analysis was based on a
comparison of the following performance parameters: power number PNSp
and sinkage zSp at the self-propelled condition (pull = 0); and pull

coefficient PZO/W » power number PN20 , and sinkage for the

z
20 percent slip condition. These two conditions were seigcted because
(a) the self-propelled condition corresponds to the LRV traveling on
level ground, and (b) the 20 percent slip condition corresponds approxi-
mately to the maximum slope the LRV can climb in a steady-state condition
before power consumption rates become excessive. The same procedure was
also used whenever data from RS or MPS tests were included in a specific

analysis.

15
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Slope Angle o , deg
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Fig. 6. Relations of power number to pull coefficient and
slope angle from three test techniques; GM XIII
wheel under 253-N (57-1b) load on LSS4
(1st and 2d passes)
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RS and MPS tests

29. Average values of pull and torque coefficients, together with
power numbers and values of sinkage and slip, were recorded for both
constant-slip portions of the tests (see paragraphs 21 and 22) whenever
they were included (tables 5 and 6). Each of these averages was calcu-
lated from at least 20 data points, one for each 5-cm (2-in.) length of
test lane, Signals collected within the transition zones from sand to
LSS (figs. 4b and 4c) were not included in the averages. If one of the
constant-slip portions was not included, which was the case in most of
the MPS tests (paragraph 22), the performance parameters for the lowest
and highest slips during the test were recorded. In addition, perform-
ance parameters for the towed and the self-propelled conditions and for
20 and 50 percent slips were included (table 5) whenever the wheel

passed through one or more of these points.
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PART IIT: ANALYSIS AND DISCUSSION OF RESULTS

Phase I (GM XIII): Effect of Wheel Speed, Wheel
Acceleration, and Soil Type

Wheel speed

30. Plots of the three basic relations, P/W versus slip, M/Wre
versus slip, and PN versus P/W , obtained from the CPS tests, indi-
cated no observable effect of wheel speed on the test results. The three
average relations with their maximum variations at four characteristic
points——towed (TP), self-propelled point (SP), 20 percent slip, and
50 percent slip--are shown in figs. 5a, 5b, and 6. These figures contain
also results from the constant-slip portions of the RS and MPS tests, for
different wheel speeds. The data points fall well within the deviations
of the relations obtained from the CPS tests. From these trends, it was
concluded that the mobility performance characteristics of the wheels
tested were not affected by either the mode of testing (CPS, RS, or MPS),
or the wheel speed.

31. To examine the effect of wheel speed more closely, the perform-
ance parameters for the self-propelled condition PNSP and z (open
circles in fig. 7), and for 20 percent slip on/w s Zog s and PN
(open circles in figs. 7 through 9) from the CPS tests were plotted

20

versus wheel speed. Within the range of speeds tested, the performance

parameters were practically constant, i.e. independent of wheel speed.

Wheel acceleration

32, The effect of wheel acceleration on the mobility performance
characteristics of the wheels tested was assessed in the same manner
as the influence of wheel speed. Performance parameters at 20 percent
and 50 percent slip from the MPS tests (programmed-slip portion of the
tests) were compared with the three average basic performance relations
(figs. 5a, 5b, and 5c¢) from the CPS tests; the MPS test results fall
within the range of the CPS test results. Further, the performance
parameters of the MPS tests for the self-propelled condition and for

20 percent slip were plotted (together with the CPS tests performance

19
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parameters) versus the corresponding wheel speeds (closed symbols in
figs. 7 through 9), for three acceleration levels. The results of this
analysis show (figs. 7 through 9) no influence of wheel acceleration
on the performance parameters under consideration. In addition, the
data from the MPS tests confirm the conclusion drawn above (paragraph 30),
that, within the range of wheel speeds tested, the performance parameters
considered were practically independent of wheel speed.
Soil type

33. Pull and torque coefficients resulting from the comnstant-slip
portions of the RS and MPS tests on Yuma sand (table 6) were plotted
versus slip for three different wheel speeds (indicated by different
symbols in figs. 10a and 10b). In the positive slip range, only data
from the two higher speed levels were available; the results at both
speeds can be represented by one relation, because the limited amount
of data did not indicate any considerable separation by wheel speed.
In addition, the P/W and M/Wre relations are shown in figs. 10a and
10b for a CPS test from an earlier program conducted with a similar wheel
(GM VIII) under nearly the same load on Yuma sand at approximately the
same soil strength, but at a wheel speed of 0.9 m/sec (2 ft/sec). These
data allowed the following, at least qualitative, comparison between the

performance of the wheels on sand and on LSS:

G Wheel Speed
Soil  MN/uw> w/sec’ MNep PoofW MyplWry  Bog/W Mg, /ur,
LSS, * 1.0 0.75-3.00  0.10 0.35  0.41 0.45 0.55
Sand 1.3 0.90 0.12 0.34  0.47 0.42 0.63
Sand 1.3 1.40-3.00  0.06 0.43  0.47 0.59 0.65

*Performance parameters for LSS, are independent of speed.

4
34, This comparison shows that the wheel on sand at a speed of

0.9 m/sec (3.0 ft/sec) performed approximately the same as the wheel on

LSS4 at all speeds under consideration (including 0.9 m/sec; 3 ft/sec),

although the efficiency in LSS, seemed to be slightly higher than in

4
sand (less input at the same output). However, it can be concluded that,

for nearly the same strength level, the wheels behaved more-or-less the
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same in the two different soils when the wheel speed was 0.9 m/sec

(3 ft/sec). On the other hand, when the wheel speed in sand exceeded
1.4 m/sec (4.6 ft/sec), the power requirements for the self-propelled
condition decreased, and the system output increased at the same input
as for 0.9 m/sec (3.0 ft/sec). Thus, the overall efficiency in sand
increased with increasing wheel speed, which is contrary to the per-
formance in LSS4, where the performance parameters were found to be
independent of wheel speed. A qualitative explanation for this is given
in the following paragraphs.*

35. Recent investigations with pneumatic tires in sand (Turnage,
1972) showed an increase in pull at a given slip with an increase in
wheel speed. It also was found that this increase in pull was larger
for higher slips than for lower. A qualitative theoretical explanation
for this phenomenon was given earlier by Leflaive and Wiendieck (1965),
who found that the angle of internal friction (or the ''shear potential'')
of the cohesionless soil was independent of speed, which is a well-
known fact from classical soil mechanics. Therefore, a theoretical
explanation of the observed speed dependence of pull was not sought in
a possible variation of the pertinent soil parameters. However, con-
trary to most conventional soil testing devices, a moving wheel is
constantly in touch with fresh soil masses to which a certain momentum
is communicated by the wheel action. The soil momentum per unit of
time was then considered to represent an additional dynamic force acting
on the wheel-soil system. This force can be resolved into a horizontal
component, which acts in the same direction as pull does, and into a
vertical component, which acts in an upward direction. Thus, the hori-
zontal dynamic component adds directly to the pull (resulting from the
shear potential of the soil), and the vertical dynamic component, to-
gether with the soil potential, supports the wheel load. This results

in smaller sinkages than those experienced at slower speed, thus leading

* This explanation is equally valid for all test modes described earlier
(paragraphs 20-23), because it had been shown that test modes (wheel at
constant speed or wheel accelerated during test, etc.) did not influence
the performance parameters (paragraphs 30 and 32).
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again to a higher efficiency.* For further development, it might be
‘agsumed that the relation between P/W at a given slip, e.g. 20 per-
cent, and wheel speed has the shape of line A in fig. 11.

36. In comparing LSS with sand from a soil mechanics viewpoint,
it appears logical to classify LSS as “frictional soil,” based on the
knowledge of the soil mechanics properties of the LSS. Therefore,
similar effects of speed on tests in the two soils should have been
expected. This was, in fact, not true, as mentioned above (para-
graphs 31 and 34). In a reexamination of the soil mechanics properties,
however, one cannot exclude the possible existence of air-pore pressure
in this basically frictional soil, because of the low permeability of
the silt-to-fine-sand lunar soil simulant. Air-pore pressure, the
magnitude of which depends on the shear velocity, would in general have
a degrading effect on the shear potential of the soil, and, thus, would
lead to a decrease in pull. If the dynamic speed effects outlined in
paragraph 35 were disregarded, the general shape** of the P/W versus
wheel speed relation, due to air-pore pressure effects, can qualita-
tively be depicted by the line B in fig. 11. From a comparison of the
general tendencies of the two relations (dynamic speed effects and air-
pore pressure effects), it can be qualitatively concluded that the two
effects could compensate each other, which indeed would lead to P/W
being independent of wheel speed. From this discussion, the very
cautious conclusion might be drawn that the LRV wheels could be more
efficient at higher speeds under lunar conditions (no air-pore pressure)

than under terrestrial conditions on the same soil.

* The influence of vertical component on sinkage is disregarded in
further considerations, since sinkage is not a very important perform—
ance parameter because of the light loads used during this study.

** The effect of speed on P/W , beyond a certain speed, could be con-
sidered constant and similar to the "total stress condition" of a soil
if inertia effects did not take place. Because this speed in unknown,

this fact was not considered in the assumption about the shape of the
relation B .
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Phase II (GM XV): Effect of Fender, Wheel Load, Wheel
Speed, Direction of Chevron, and Soil Strength

Soil condition LSS4

37. The approach used to analyze the results of the 21 two-pass
CPS tests* of this series was the same as that used in the analysis of
the phase I data (paragraph 30). The plots of P/W versus slip, M/Wre
versus slip, and PN versus P/W indicated that these parameters were
independent of wheel speed, wheel load, or presence or absence of the
fender. Therefore, the results were averaged. The average relations
with their maximum and minimum deviations at the characteristic condi-
tions (towed condition, etc., see paragraph 30) are displayed in
figs. 12 and 13. For further evaluation, the performance parameters for
the self-propelled condition and for 20 percent slip were plotted versus
wheel speed in figs. 14-16; the various test conditions (with and with-
out fender, etc.) are indicated by different symbols.

38. Effect of fender. A comparison of the results of the tests

with the fender (open symbols in figs. 14-16) and without the fender
(closed symbols in figs. 14-16) at a given load and at a given speed
shows that the performance parameters for the self-propelled (fig. 14)
and the 20 percent slip conditions (figs. 15 and 16) were practically
uninfluenced by the presence of the fender.

39. Effect of wheel load. According to the results in figs. 14-

16 for the self-propelled and the 20 percent slip conditions, wheel
load at a given speed level within the range tested (178 N or 40 1b

to 377 N or 85 1b) did not influence the performance parameters under
consideration, except sinkage (figs. 14 and 15) for which a slight, but
not very pronounced, dependency exists insofar as sinkage increased
with load. However, at this point it should be emphasized that the

absolute power requirements increased linearly with the wheel load.

* Because of the results of phase I, i.e. the test technique did not in-
fluence the performance characteristics (paragraph 30), only the CPS
test technique was used during phase II.

29




(sessed pz pue 3ST) qmmg uo

To9um AX WO 2y3 103y dITs 03 SIULIOIFI200 onbirol pue [Ind Jo suoTle[ay *CT ‘814
0 %' 0-
dITs snsioA JUaI0TJ3F800 =nbio] q
% ‘d1Ts F¢0”
0T-
L S . SN S AN S| SR e Y
" ! ds ™
|
” _ - 270
|
| L.
GOﬂUMHHm>IIIH 70
— 183, T¢ 970
Jo @8ei13ay
= 870
_ 70—
diTs snsasa JUSTOTIISO0 TInd °®
% ‘drTs
06 08 174 09 om &q om
el 1 L i
: [}
|
" UOTIBTIBA
I
s31s91 17
Jo aleaaay
-9°0
870

IMN/MW  3usIOTIIso) onbaog

]

IUBTOTFFP0) TInd

M/d

30




Slope Angle o , deg
0 5 10 15 20 25 30 35
i i ] 1 1 1 [} L —

2 .84
2.47
2.0+
)
X Average of
75 2] Tests
s 1.67
g
g
< 1,2
4
3
8 Variation for
— 50% Slip
0.8-
0.4~ L
Variation for
207% Slip
TP
+ et SR—
-0.2 0 ) 04 0.6

Pull Coefficient P/W
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for GM XV wheel on LSS4 (1st and 2d passes)
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Only the dimensionless performance parameters, such as PZO/W or PNs

= Mw/wva , were independent of wheel load.

40, Effect of wheel speed. Because the performance parameters

were not influenced by the presence of the fender (paragraph 38) and by
changes in wheel load (paragraph 39), all data were included in the
analysis of the effect of wheel speed. As has been observed in the
analysis of the GM XIII test results (paragraph 31), none of the per-
formance parameters at the self-propelled (fig. 14) and 20 percent slip
conditions (figs. 15 and 16) were clearly influenced by wheel speed.
Therefore, it appears to be justifiable to represent the corresponding
parameters for this given wheel (GM XV) and the soil condition LSS4 as
average values that are independent of fender effects, wheel load, and
wheel speed (figs. 14-16).

41. Comparison of GM XIII and GM XV performanée. The average

performance parameters for the self-propelled and 20 percent slip con-
ditions for the GM XIII (figs. 7-9) and the GM XV (figs. 14-16) wheels

are summarized in the following tabulationm.

Self-Propelled

Condition 20 Percent Slip Condition
Wheel PNSE, zSp , Cm PZO/W PNZO Zyg » C
GM XIII 0.10 1.3 0.35 0.51 1.8
GM XV 0.10 1.5 0.35 0.49 2.0

It is concluded that both wheels performed essentially the same on the
given soil condition LSS4. Further, the statistical value of the infor-
mation on the performance of the LRV wheels on LSS4 can be increased by
combining the data from at least the CPS tests with the data from the
tests with the GM XIII and the GM XV wheels (29 tests).

42, Fffect of chevron direction. The results of the seven four-

pass tests with reversed direction of the chevron cover of the wheel
are shown as performance parameters versus wheel load relations in

figs. 17 and 18. Each data peint at a given load represents the average
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value for the first and second passes* (open symbols), or for the third
and fourth passes** (closed symbols) from three tests [253-N (57-1b)-
wheel load] or two tests [178-N (40-1b) and 377-N (85-1b) wheel loads].

43. The power number at the self-propelled condition appears to
be independent of wheel load (fig. 1l7a), which is a confirmation of the
findings stated in paragraph 39; whereas PNSp seems to be slightly
lower for the third and fourth passes than for first and second passes.
The reason for this lies in the fact that the soil was compacted during
the first and second passes; thus, less power was required to propel the
wheel during third and fourth passes. This is also indicated by the
sinkage (hub movement) versus wheel load relation for the same condition
(fig. 17b). The difference in zSp between third and fourth passes
(closed symbols) and first and second passes (open symbols) represents
the additional sinkage the wheel experienced during the third and fourth
passes. This sinkage is smaller at a given load for the latter than for
first and second passes, thus following the tendency of the power require-
ments. Generally, the sinkage increased with increasing load for a
given pass (paragraph 39).

44. Basically, the same observations as for the self-propelled
condition were made for the 20 percent slip condition (fig. 18). Slightly
more pull was generated for the given inp of 20 percent during the third
and fourth passes than during the first and second passes (fig. 18a),
because sinkage was smaller in the former than in the latter (fig. 18b).
Accordingly, the power requirements increased with increasing number of
passes (fig. 18c). Further, sinkage increased with increasing wheel
load; whereas P20/W and PNZO were essentially independent of wheel
load.

45, Generally, the same tendencies concerning the effect of wheel
load as found for the forward-traveling wheel (normal chevron, para-
graph 39) were observed for the backward-traveling (reversed chevron

direction) wheel (paragraphs 43 and 44). In addition, a direct comparison

*Representing the LRV backing into undisturbed soil.
**Representing the LRV backing in its own ruts.
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of the performance parameters for the forward- and the backward-traveling
wheel under the same loading condition (253 N; 57 1b) and for average
first~ and second-pass data shows no significant difference (figs. 17 and
18). Thus, for all practical purposes, the performances of the forward-
and the backward-traveling wheel appear to be the same. Furthermore,

the only slightly superior performance of the wheel when backing in its
own rut (reversed chevron, third and fourth passes) will most probably

be diminished by the power required to steer the wheel so that it main-
tains its travel in the rut. Thus, it seems to be more practicable to
back the vehicle into undisturbed soil than in its own rut.

Soil condition LSS5

46. TFollowing the same line of thought as in the analysis of the

GM XV test results (paragraphs 30 and 37), the P/W versus slip, M/Wre
versus slip, and PN versus P/W relations for the 16 CPS tests con-
ducted on LSS5 indicate no dependence of these parameters on wheel speed,
wheel load, or the presence or absence of the fender. The average re-
lations, with their maximum and minimum deviations at the characteristic
conditions (paragraph 30), are shown in figs. 19 and 20. For a more
detailed analysis the performance parameters for the self-propelled and
the 20 percent slip conditions were plotted versus wheel speed, and the
various test conditions were indicated by different symbols (figs. 21-23).

47, Effect of fender. Because it was found that the presence of

the fender did not influence the performance of the wheel on soil con-
dition LSS4 (paragraph 38), only one of the 16 tests on soil condition
LSS5 was conducted without the fender to check this conclusion. The
results of this test (closed symbol in figs. 21-23) confirm the above
findings for LSSa.
48. Effect of wheel load. Comparison of the performance parameters
PN, PZO/W , and PN

sp 20
the case of soil condition LSS4 (paragraph 39), to the conclusion that

at a given speed (figs. 21-23) leads, as in

these parameters were independent of wheel load. Only sinkage (zSp s

fig. 21b; fig. 22b) showed a tendency to increase with increasing

220 °
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wheel load.
49. Effect of wheel speed. The same observation as for soil

The

condition LSS4 (paragraph 40) was made for soil condition LSSS.
relation between the performance parameters for the self-propelled
condition and for 20 percent slip and the wheel speed (figs. 21-23) did
not show any influence of wheel speed. Therefore, the performance
parameters were averaged regardless of wheel speed, etc. (figs. 21-23).

Influence of soil strength

50. In addition to the average performance parameters for soil
condition LSS5, the average values for soil condition LSS4 (GM XV wheel)
are displayed in figs. 21-23. The power requirements (represented by
the power number) for the self-propelled condition were higher for LSS4
than for LSS5 (fig. 2la). On the other hand, at a given slip of 20 per-

cent, more pull was developed on LSS. than on LSSA, (fig. 22a) and,

consequently, the power requirementss(fig. 23) increased from soil
condition LSS4 to LSSS.

51. To clarify the influence of soil strength on performance, the
average pull and torque coefficient versus slip relations from the tests
with the GM XV wheel on soil condition LSS4 (from fig. 12) and on soil
condition LSS5 (from fig. 19) were plotted together (fig. 24). From
this comparison, it follows that, in general, P/W was larger for LSS

5
than for LSS, at a given wheel slip. This tendency may be attributed

to the fact ihat the available shear potential of the soil was greater
for LSS5 than for LSS4. Corresponding to this increase in P/W was

the increase in the torque (M/Wre) required to utilize the shear
potential of this stronger material (LSSS). The towed force and the
torque coefficient at the self-propelled condition (paragraph 50) were
smaller for LSSS, and less slippage occurred. This behavior was as
expected, because the wheel experienced less sinkage in stronger soil;
thus, there was less energy loss due to sinkage and bulldozing. Finally,
which is most important, for a given P/W (or slope the LRV climbed),
e.g. P/W=0.25 (fig. 24), the slip developed in LSS5 was smaller

(8 percent) than in LSS4 (11.5 percent). As a consequence, the necessary
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torque requirement (M/Wre) was slightly less for LSS5 (0.28) than for.
LSS4 (0.29).

52, The interrelation between torque required and slip developed
for a certain pull for the two soil conditions becomes even more obvious
in the comparison of the relations between power number (torque required
per unit weight per unit distance of travel) and pull coefficient and/or
slope angle, respectively (fig. 25).* From these relations, it can be
concluded that the power requirements for the LRV are larger for the
softer soil (LSSA) on any given slope (any given P/W) than for the
stronger soil (LSSS). Further, the maximum slope the vehicle could climb
without using excessive power was about 19 +6 deg in LSS4 and about
23 £5 deg in LSSS.

53. Another point of interest is the influence of soil strength
on efficiency. The specific efficiency term (Pva/Mw) used herein is
defined as the ratio of recoverable energy to total energy input; thus,
this term reflects the ratio of the net pull that is developed over and
above the pull that allows the wheel or vehicle to propel itself, to the
total energy input. As a consequence, the efficiency was zero for the
self-propelled condition (P/W = 0) and for 100 percent slip (carriage,
or vehicle speed v, = 0). TFor any given P/W (except P/W = 0) or
slope angle o , the maximum efficiency occurred at P/W = 0.31 #0.15,
or oo = 17 +8 deg, in LSS4 and at P/W = 0.33 +0.14, or o = 18 *7 deg,
in LSSS. The corresponding torque coefficients and power numbers for
maximum efficiencies were M/Wre = 0,35 #0.11 and PN = 0.42 +0.13 for
LSS4 and M/Wre = 0.32 +0.10 and PN = 0.36 *0.12 for LSSS. Furthermore,
for any given torque requirement (M/Wre) or power requirement (PN),

efficiency was higher on LSS_ than on LSS4 (fig. 26).

5
54, TFor an overall picture of the influence of soil strength on
the performance of the Boeing-GM wheels, data from an earlier study, in

which the GM X and (M XIII wheels (both 50 percent chevron covered) were

* The power number and efficiency versus pull coefficient relations
represent, as in figs. 24 and 26, the average results of 21 tests on

LSS4 and 16 tests on LSSS.
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tested on various LSS conditions (Green and Melzer, 1971b), and
corresponding data from the investigations reported herein were used to
show the influence of the cone penetration resistance gradient G
(representing "soil strength") on pull coefficient, power number, and
efficiency at 20 percent slip (fig. 27). The increase of performance

in terms of PZO/W was approximately 50 percent over the whole r;nge

of G tested. Since this range covers G values from 0.22 MN/m

(0.8 psi/in.)* to 6.39 MN/m3 (23.6 psi/in.)**, the increase in G is
not reflected very clearly in the increase in performance. However,
this range of G corresponds only to a change in the relative density
of the soil from 30 to 60 percent. This small change in relative
density, together with the fact that for lightly loaded wire-mesh wheels
a change in soil strength does not contribute too much to the performance,
explains the increase of only 50 percent in P20/W . In addition to
relative density, cohesion also increased, from zero for LSS1 to

2.9 kN/m2 (0.42 psi) for LSSS, a fact that is partially reflected in the
high variation of G . However, it was found earlier that such

relatively small amounts of cohesion do not have a very pronounced effect

on the performance of lightly loaded wire-mesh wheels.

*Average G for soil condition LSS4 (fig. 27).
**Average G for soil condition L885 (fig. 27).
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55.

PART IV: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Based on the findings of this study, it was concluded that:

a. The performance parameters for the GM XIII and GM XV wheels

" on lunar soil simulant were independent of wheel speed
(paragraphs 30, 40, and 49); but performance increased
with speed in the tests with the GM XIII on sand (para-
graph 33). This discrepancy might have been caused by
occurrence of air-pore pressure in the LSS (paragraph 36).
This was the only comparison possible between performances
on LSS and on sand.

|o

The performance parameters were independent of wheel
acceleration (paragraph 32).

Classical programmed-slip, ramped-slip, and modified
programmed-slip test techniques gave the same results
for given test conditions (paragraphs 30 and 32).

e}

=%

Except for sinkage (hub movement), which increased with
wheel load, performance parameters were not influenced
by changes in wheel load (paragraphs 39 and 48).

e. The presence of a fender did not influence the wheel
performance (paragraphs 38 and 47).

f. The GM XIII and GM XV wheels showed practically the same
performance on the same soil condition (LSS4) (para-
graph 41).

g. Soil strength in terms of penetration resistance gradient
G influenced wheel performance (paragraphs 50-54); for
a given slip, pull coefficient and power requirements
increased with increasing soil strength. However, for
a given pull coefficient or slope, slip was less in firmer
soil; thus, power requirements decreased and efficiency
increased with increasing soil strength. Torque coeffi-
cients and power numbers at which maximum efficiency
occurred were 0.35 #0,11 and 0.42 #0.13, respectively, for
the LSS,; and 0.32 #0.10 and 0.36 +0.12, respectively, for
the L855 (paragraph 53).

h. The maximum slope the LRV could climb without using
excessive power would be about 19 deg, *6 deg, in LSS

and about 23 deg, +5 deg, in LSS5 (paragraph 52). 4
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56.

The performance of the wheel was the same if it traveled
forward or backward into undisturbed soil. The perform-
ance was slightly better if it backed in its own rut.

However, this advantage might be lost by the power require-

ments due to steering to keep the wheel (or vehicle) in

the rut (paragraphs 42-45).

Recommendations

It is recommended that:

Series of triaxial tests be conducted to check the in-
fluence of possible air-pore pressure on the shear
characteristics of the lunar soil simulant.

Series of single~wheel tests be conducted with air-pore
pressure measured (e.g. with piezometers), or scale-model
tests be conducted under vacuum conditions, to investigate
the influence of air-pore pressure on the wheel performance.

All possible information about the performance of the LRV
collected during the Apollo 15 mission be carefully eval-
uated with regard to the performance prediction potential
of the information assembled in this study.
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Table 7

Summary of Performance Parameters for Tests with the GM XV Wheel on LSS4

Self-Propelled

Sink-
age
cm

P/ M/Wr PN

Slip
Z

cm

age

Data for 20 and 50 Percent Slip
Sink-

P/W M/Wre
20 0.31 0.35 0.44 2.1

Slip
%

Sink-
age
cm

Point Data
py  Slip

sp %
0.07 0.5 1.9

Sink-
cm

Slip age
%

Towed Point Data
P./W

Load
N

Accele-
2

ration
m/sec

a

or v
(Constant)
m/sec
0.44
0.45
0.45
0.70
0.71
0.71
0.75
0.68
0.72
0.71
0.80
0.80
0.80
1.20
1.24
1.22
2.24
2.35
2.30
3.11
3.12
3.12
1.38
1.40
1.39
1.38
1.41
1.40
1.39

Pass
No.

Type
of
Test

Test No.

50 0.44 0.49 0.98 2.8

-4.5 1.7

253 0.08
253 0.08
253 0.08
253 0.16
253 0.12
253 0.14

253

-0.03
-0.03
-0.03
-0.11
-0.08
-0.10
-0.10
-0.08
-0.09
-0.09
-0.11
-0.09
-0.10
-0.27
-0.28
-0.28
-0.62
-0.79
-0.71
-1.51
-1.40
=-1.46
-0.26
-0.26
-0.26
-0.27
-0.25
-0.26
-0.26

1

A71-055-6 CPS

50 0.45 0.51 1,02 2.6

20 0.40 0.43 0.54 2.1

0.06 0.5 1.7

-4,0 1.6

50 0.45 0.50 1.00 2.7

20 0.36 0.39 0.49 2.1
20 0.27 0.34 0.41 2.0

0.07 0.5 1.8

-4.3 1.7

Avg

50 0.35 0.44 0.90 3.3

0.14 6.5 1.5

1.6

0
-4,0 1.4

1
1

Avg

A71-049-6 CPS

20 0.30 0.41 0.51 2.0

0.09 3.5 1.4

A71-079-6 CPS

50 0.35 0.44 0.90 3.3

20 0.29 0.38 0.46 2.0

0.12 5.0 1.5

0.07

-2.0 1.5

50 0.45 0.49 0.98 2.7

20 0.42 0.44 0.55 2.2

7.5 2.0

2

A71-049~6 CPS
A71-079-6

50 0.47 0.51 1.02 2.8

20 0.39 0.44 0.55 2.4

0.04 0 1.5

-1.0 1.5

253 0.05
253 0.05
253 0.11
253 0.10
253 0.11
253 0.11

50 0.46 0.50 1.00 2.8

20 0.41 0.44 0.55 2.3

0.06 3.8 1.8

-1.0 1.5

Avg

50 0.42 0.45 0.97 2.9

20 0.35 0.41 0.51 2.2

0.09 4.4 1.6

-1.7 1.5

Avg

50 0.26 0.51 1.02 2.5

20 0.32 0.40 0.50 2.0

0.20 1.5 1.5

0.19 O

-1.5 1.4

1

A71-050-6 CPS

50 0.49 0.52 1.04 2.4

20 0.42 0.45 0.56 2.0

1.7

=4.0 1.5

50 0.38 0.52 1.03 2.5

20 0.37 0.43 0.53 2.0

0.20 0.8 1.6

0.08 O

-2.8 1.5

253 0.15 -10.0 1.4

Avg

50 0.44 0.50 1.0 2.4

20 0.34 0.38 0.48 1.8

1.5

1

A71-051-6 CPS

50 0.45 0.51 1.02 2.4

20 0.38 0.43 0.54 1.9

0.11 1.0 1.4

-5.5 1.6

253 0.13

80 0.45 0.51 1.01 2.4

20 0.36 0.41 0.51 1.9

0.10 0.5 1.5

0.14 0

-7.8 1.5

253 0.14
253 0.12 -10.0 2.1

Avg

50 0.45 0.47 0.94 2.4

20 0.31 0.38 0.48 1.9

1.6

1

A71-052-6 CPS

50 0.48 0.50 1.00 2.7

20 0.34 0.36 0.45 2.0

0.16 2.0 1.4

-5.0 1.8

253 0.09
253 0.11

50 0.47 0.49 0.97 2.6

20 0.33 0.37 0.47 2.0

0.15 1.0 1.5

0.06 O

-7.5 2.0

Avg

50 0.35 0.46 0.92 2.7

20 0.31 0.34 0.43 1.8

1.0

-6.0 0.7

253 0.07
253 0.10
253 0.09
178 0.19
178 0.12
178 0.16

178

1

A71-053-6 CPS

50 0.38 0.52 1.04 2.9

20 0.35 0.36 0.45 2.1

0.06 1.0 1.5

-4.0 0.8

50 0.37 0.51 0.98 2.8

20 0.33 0.35 0.44 2.0

0.06 0.5 1.3

-5.0 0.8

Avg

50 0.37 0.49 0.98 2.5

20 0.30 0.35 0.44 1.8

0.18 12,0 1.3

-1.0 0.9

1

A71-082-6 CPS*
A71-102-6

50 0.58 0.64 1.28 1.6

20 0.34 0.39 0.49 1.1

0.10 4.0 0.7

-1.0 0.8

50 0.48 0.57 1.13 2.1

20 0.32 0.37 0.47 1.5

0.14 8.0 1.0

-1.0 0.9

Avg

A71-082-6
A71-102-6

50 0.49 0.52 1.04 2.1

20 0.36 0.40 0.50 1.3

0.09 2.0 1.0

-1.0 1.0

178 0.06
178 0.06
178 0.12

50 0.49 0.52 1.04 2.1

20 0.36 0.40 0.50 1.3

0.09 2.0 1.0

-1.0 1.0

Avg

50 0.48 0.55 1.10 2.1

20 0.33 0.38 0.48 1.4

0.12 6.0 1,0

-1.0 1.0

Avg

(1 of 4 Sheets)

(Continued)

*Tests with fender.
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